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Isotopic composition of stratospheric water vapor: Measurements and
photochemistry

David G. Johnson,
�

KennethW. Jucks,Wesley A. Traub,andKelly V. Chance
Harvard-SmithsonianCenterfor Astrophysics,Cambridge,Massachusetts

Abstract

Wepresentaphotochemicalmodeldescribingthechangesin theisotopiccompositionof stratospheric
watervaporthatresultfrom methaneoxidationandreactionswith O(

���
). We thencomparemodel

calculationswith measurementsmadewith theSmithsonianAstrophysicalObservatoryfar-infrared
spectrometerduringsevenballoonflights thattook placebetween1989and1997.Theagreement
betweenthemodelcalculationsandmeasurementsestablishesthevalidity of themodelandtheinternal
consistency of thedataset.Finally, weusethemodelandmeasurementstogetherto estimatethemixing
ratioandisotopiccompositionof watervaporenteringthestratosphereandfind thattheaverageoverall
flightsof thewatervapormixing ratio, � D, � ��� O, and � ��� O are �
	���
����
	���� partspermillion by volume,������� ����� ‰, � ����
 ���
� ‰, and � 
!�"�#�
� ‰, respectively, wheretheerrorsindicatetheestimated
accuracy.

$
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1. Introduction

Measurementsof isotopiccompositionhavebeenused
to test photochemicalmodels and quantify sourcesof
several atmospherictracegases[Thiemens,1999,Kaye,
1987]. Isotopeeffectsareespeciallylargefor watervapor
in the atmosphereof the Earth,becausemuchof the tro-
posphereis nearsaturation,the saturationvaporpressure
changesby %'& ordersof magnitudebetweenthesurface
andthe tropopause,andisotopicallyheavy wateris pref-
erentially removed during condensation.Simplemodels
predict that if the troposphericwater vapormixing ratio
is reducedto stratosphericvalues,thenthe relative abun-
danceof HDO shouldbe depletedby %)(+* % relative to
oceanwater, althoughthe observeddepletionis closerto
67%[Moyeret al., 1996]. Thesensitivity of watervapor
isotoperatios to processesoccurring in the troposphere
make suchmeasurementsusefulfor testingmodelsof de-
hydrationin theuppertroposphereandstratosphere[John-
sonet al., this issue].

In the following sectionswe describea photochemi-
calmodelof theevolutionof watervaporisotoperatiosin
thestratosphere.We thenpresentobservationsof H ,.-0/ O,
H ,1-�2 O, H ,1-�3 O, andHDO madewith theSmithsonianAs-
trophysicalObservatory far-infraredspectrometer(FIRS-
2). The observationsare comparedwith model calcula-
tions to testboth the modeland the internalconsistency
of themeasurements.Finally, we usethemodelandmea-
surementstogetherto estimatethe initial volumemixing
ratioandisotopiccompositionof watervaporin air enter-
ing thestratosphere.

2. Isotopic Standards

Measurementsof an isotopic ratio 4 , such as 4657 8:9<;:=?>�7 8 , ;:= , where
7 @A=

signifiesthevolumemixing ra-
tio of

@
, aretypically reportedrelative to a standardratio4CB , oftenusing D notation:D�E ‰ FHGJI1*K*K*!E�4 > 4 BML I.FON

We usethe isotopiccompositionof standardmeanocean
waterasthestandardandadoptthevaluesP�N *+*+QKPSR"IT*�U�V ,&�NXWYPKZ[W\R]I1*�U!^ , and IKN_QKQ+WY`aR]IT*�U!^ for

7 -03 ;:=?>�7 -�/ ;:= ,7 -02 ;:=?>�7 -�/ ;:= , and
7 9b=�>�7 8c=

, respectively [De Bièvre et al.,
1984]. WhencalculatingD , we assumestandardratiosofP�E�IKN_QKQ[Wd`eRbIT*�U!^fF andg�E0I+N Q+Q+Wd`eRbI1*�U!^�F for

7 8:9<;:=�>�7 8 , ;:=
and

7_hM8 V 9b=�>�7_hM8 ^ = , respectively.

In this paper we will consider only singly substi-
tuted isotopomers,since the naturalabundanceof H , O
molecules with multiple isotope substitutions is low
enoughto be ignored in the presentdiscussion. In the

following sectionswe will useQ to signify either -�2 ; or-�3 ; andO to signify -0/ ; .

3. Photochemistry of Water Vapor

Once air enters the stratosphere,the abundanceof
H , O increasesthrough the oxidation of methane,pro-
ducingroughly two moleculesof H , O for eachmolecule
of CĤ destroyed [Remsberg et al., 1996,Abbaset al.,
1996, Dessleret al., 1994]. The isotopic composition
of photochemicallyproducedH , O is determinedby the7 9b=�>�7 8c=

ratioof methaneandthe
7 i:=�>�7_;:=

ratioof theoxy-
genreservoir. Isotopeexchangebetweenwaterandmolec-
ular hydrogen(H , andHD) hasa negligible effect below
32km [Irion etal., 1996]andwill notbeconsideredhere.
The

7_i:=?>�7 ;:=
ratio of stratosphericwatervaporis alsoaf-

fectedby O-atomexchangewith theoxygenreservoir, ini-
tiatedby thereactionwith

; Ej-fk�F asdescribedbelow.

Theoxidationof methaneis initiated primarily by the
reactions hM8 ^Ml ; E - k FHm hM8 Vnl ;S8po (1)hM8 ^ l ;S8 m hM8 V l 8 , ;qo (2)hM8 ^ l hnr m hM8 V l 8shnrKt (3)

followed by rapid oxidation of CHV [Lary and Tuomi,
1997], leadingto net productionof 2H, O + CO, . The
oxidationof CHV D is initiatedby ananalogoussetof re-
actions,leadingto netproductionof HDO + H , O + CO,
[Irion et al., 1996].

Watervaporis destroyedprimarily by thereaction8 , ; l ; E - k FumvP ;S8wo (4)

but lossof H , O is temporaryin thestratosphere.H , O is
regeneratedthroughthereaction;S8 l 8S; ,Cm 8 , ; l ; , o (5)

as well as by other reactionssuchas
;S8 l 8:xs; V , all

of which terminatetheHOy catalyticcycle. For H , O the
cycle is equivalentto thefollowing reaction:8 , ;<z l E ; , of; V Fum 8 , ; l E ;<;<z.of;<;<;<z F o (6)

where O
z

indicates an oxygen atom that enteredthe
stratosphereas part of a water moleculeand the nota-
tion E ; , o{; V F indicatesthat theoxygenreservoir is some
combinationof O, andOV . Theeffective rateof reaction
(6) is givenby| 7 8 , ; z =�> |+} 5 L:~ ^�� 7 8 , ; z =�7 ; E - k F =+o (7)

2



where ~ ^ is the rate constantfor reaction(4) (the rate-
limiting stepfor the cycle describedby reactions(4) and
(5)) and � is themoleculenumberdensity.

The rate of H , O productionby methaneoxidation is
givenby twice thesumof therate-limitingreactions(1)–
(3), or| 7 8 , ;:=?> |K} 5�P � 7 hM8 ^ = E ~ - 7_; E - k F =l ~K, 7 ;S8b= l ~ V 7 hnr�= F o (8)

where ~ - , ~+, , and ~ V arethe rateconstantsfor reactions
(1), (2), and(3), respectively. Similarly, the rateof HDO
productionby oxidationof CHV D is givenby| 7 8:9<;:=?> |K} 5 � 7 hM8 V 9:= E ~��- 7_; E - k�F =l ~��, 7 ;S8b= l ~��V 7 hnr�= F o (9)

where ~ �- , ~ �, , and ~ �V aretherateconstantsfor thedeuter-
atedversionsof reactions(1), (2), and(3), respectively.

Oxygenexchange(reaction(6)) is botha sourceanda
sink for H , Q. We assumeherethat the rateconstantfor
reaction(4) is the samefor all oxygenisotopes,andthat
theoxygenisotoperatio for waterproducedin thestrato-
sphereis givenby theisotoperatioof theoxygenreservoir.
In this casetherateof productionof H , Q by reaction(6)
is
| 7 8 , i:=�> |+} 5 L:� | 7 8 , ; z =?> |K} 5 ��~ ^ � 7 8 , ; z =�7_; Ej-�k F = ,

where � 5 7 ;<i:=�> P 7 ; , = if theoxygenreservoir is O, , and� 5�E 7_;<;<i:= l 7 ;<i<;:= l 7 i<;<;:= F > & 7_; V = if thereservoir is
OV (if thecentraloxygenatomdoesnot participatein any
reactionsthen � 5�E 7_;<;<i:= l 7 i<;<;:= F > P 7_; V = ); andtherate
of lossof H , Qz is

| 7 8 , i z =�> |+} 5 L:~ ^�� 7 8 , i z =�7_; Ej-�k F = .
Thenetrateof changeof H , Q is givenby thesumof the
productionandlossterms.Notethatthereis nonetchange
if
7 8 , i z = 5 � 7 8 , ; z = .
The rateof productionof H , Q by methaneoxidation

is
| 7 8 , i:=?> |K} 5 � | 7 8 , ;b=�> |+} 5JP � � 7 hM8 ^ = E ~ - 7 ; E�-fk F = l~+, 7_;S8c= l ~ V 7 hnr�= F , wherewehaveused(8) to substitutefor| 7 8 , ;b=�> |+} . After addingtheeffectsof oxygenexchange

andmethaneoxidationwe derive theresult| 7 8 , i:=?> |K} 5�P � � 7 hM8 ^ = E ~ - 7_; E - k F = l ~ , 7_;S8c= l~ V 7_hnr�= F l � � ~ ^ 7 8 , ; z =�7_; E - k F = E0I L 7 8 , i z =�> � 7 8 , ; z = FON
(10)

Note that it follows from (7) and our earlier expression
for
| 7 8 , i z =?> |K} that

| E 7 8 , i z =�>�7 8 , ; z = F > |K} 5�* , andso7 8 , i z =�>�7 8 , ; z = 5 7 8 , i:= B >.@ B , where[H , Q] B and
@ B

aretheinitial H , Q andwatervapormixing ratios,respec-
tively.

In the remainderof this sectionwe integrate(8)–(10)
andsolve for the isotoperatiosasfunctionsof time. Fi-

nally, we show that theresultingexpressionscanbeeval-
uated using a combinationof measuredquantitiesand
modelcalculations.

We integrate (8) after making the substitution| 7 8 , ;:=?> |+} 5 L P | 7 hM8 ^ =�> |+} andderive thesolution7 8 , ;:= 5 @ B l @���o (11)

where @ � G�PY� B 7 I L������ E Lb� - L���,�L�� V F =+o (12)� B is theinitial methanemixing ratio,and� - E } FHG �w�B � ~ - 7_; E - k�F = |K� o (13)��, E } FHG �w�B � ~K, 7_;S8c= |K� o (14)� V E } FHG �w�B � ~ V 7_hnr�= |K� N (15)

Theintegralsarealongtheair parceltrajectory. Notethat@ �
is simply theamountof waterthathasbeenproduced

throughthe oxidationof methane,andcanbe calculated
from ameasurementof thelocalmethanemixing ratioand
anestimateof � B .

Similarly, we integrate(9) andderivethesolution7 8C9s;:= 5 7 8:9<;:= B l 7_hM8 V 9b= B 7 I L����� E Lb���- L����, L����V F =+o (16)

where[HDO] B and[CH V D] B aretheinitial deuteratedwa-
ter andmethanemixing ratios, respectively; and � � - , � �, ,
and � �V aregivenby (13)–(15)after replacing ~ - –~ V with~ �- –~ �V .

We integrate(10) by substituting � | 7 8 , ;:=?> |K} (from
(8)) for the first term in (10) and L:� E�I L 7 8 , i:= B > � @ B F| 7 8 , ; z =?> |K} (from (7)) for thesecondterm,andfind that7 8 , i:= 5 � 7 8 , ;:= Lw� 7 8 , ;<zf= E0I L 7 8 , i:= B > � @ B FON (17)

We integrate(7) to derive thesolution7 8 , ;<z{= 5 @ B������ E Lb� ^ F o (18)

where � ^ E } FnG �p�B � ~ ^ 7_; E - k F = |+� N (19)

By combining(11)–(12)and(17)–(18),we derive the re-
sult7 8 , i:= 5�P � � B 7 I L������ E Lb� - L��[,�L�� V F =l � @ B 7 I L E�I L 7 8 , i:= B > � @ B F ����� E Lb� ^ F = N (20)
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We now consider the ratios [HDO]/[H , O] and
[H , Q]/[H , O]. First,we derive thefollowing relationships
from (12):����� E Lb� - L���,�L�� V Fu5�I L @ � > PY� B o (21)����� E Lb���- L����, L����, Fu5�E�I L @��{> PY�CB1F��T� �?� o (22)����� E Lb� ^ Fu5�E�I L @��{> PY�CB1F0� � �?� t (23)

where   E } FHG�E � � - l � �, l � �V F > E � - l ��, l � V F o (24)¡ E } FHG � ^ > E � - l ��, l � V FON (25)

We derive thefollowing solutionsfrom (11), (16), and
(20)using(21)–(23):7 8C9s;:=7 8 , ;:= 5 7 8:9<;:= B@ B @ B@ B l @ �l 7_hM8 V 9:= B� B �:B@ B l @ �:¢ I L¤£ I L @��PY� B�¥ �T� �?�j¦ o7 8 , i:=7 8 , ;:= 5 � l @ B@ B l @�� £ 7 8 , i:= B@ B L�� ¥ £ I L @ �PK�:B§¥ � � �?� N
Equivalently, usingthe D notationdefinedearlier, we haveD 9 5¨D 9 B @ B@ B l @�� lD 9S© PY� B@ B l @��c¢ I L¤£ I L @ �PK�:B!¥ �T� �?�j¦ lPK*K*+*K� B@ B l @ �:¢ £ I L @ �PY� B§¥ Lª£ I L @ �PK� B!¥ �T� �?�j¦ o (26)

D i 5«D iS¬ l E�D i BbL D iS¬ F @ B@ B l @�� £ I L @ �PK�:B ¥ � � �?� t
(27)

where D D and D Q are the observed isotopesratios; D D B
and D QB arethestartingratiosfor water; D D © is thestart-
ing isotoperatiofor methane;andD iS¬ 5�IT*+*K*§E � > 4 BYL I.F .
The factor of 2 appearsin the last two terms of (26),
becausethe standardratio for

7_hM8 V 9b=�>�7_hM8 ^ = is twice
thestandardratio for

7 8C9s;:=�>�7 8 , ;:= , asdescribedin sec-
tion 2..

Equations(26)and(27)expressD D and D Q asfunctions
of
@ �

,

  E } F , ¡ E } F , anda setof initial conditions.We now
derive approximateexpressionsfor

  E } F and
¡ E } F by fol-

lowing a proceduresimilar to thatoutlinedby Irion et al.

[1996]. First,wedefinetheratios � - G � - > E � -�l � , l � V F ,� ,JG � , > E � -­l � , l � V F , � V G � V > E � -®l � , l � V F ,¯ - G � � - > � - , ¯ ,ªG � �, > � , , ¯ V G � �V > � V , and ¯ ^ G� �^ > � - . We take the following rate constantsfrom De-
More et al. [1997], all in units of moleculecmV sU�- :~ - 5°IKN_Q�RqIT* U�- B , ~ ,"5�P�N g[Q R\I1* U�- , ����� E L I.W+WYQ >d± F ,~ V 5²I+N�I�R¨IT*�U�-³- ����� E L ITg+*+* >d± F , ~ ^ 5´P�N PµR¨IT*�U�- B ,~ �, 5¶&§N Q�R\IT*�U�- , ����� E L I1Z+QY* >d± F , and ~ �V 5)*�NXW.g ~ V (at
298K). Therateconstantfor ~ �- hasnotbeenreported,and
wewill assumethat ~ �- 5 ~ - [Irion etal., 1996].Sincethe
ratios ~ �- > ~ - and ~ ^ > ~ - areconstant,it follows from (13)
and(19) that ¯ - 5 ~ �- > ~ - 5�I and ¯ ^ 5 ~ ^ > ~ - 5�I+N g�W .
We furtherassumethat ~ �V > ~ V 5ª*§N_Wdg at all stratospheric
temperaturesand that ~ �, > ~+, 5·*�N `K`+( (it actually varies
from 0.60to 0.69at temperaturesbetween200and240K,
which is a typical temperaturerangefor the midlatitude
stratosphere),so that ¯ ,A5�*�N `K`+( and ¯ V 5�*�NXW.g . After
makingthesesubstitutionsin (24)–(25)we find that  E } FH5 ¯ - � - l ¯ ,.�d, l ¯ V � V o  E } FH5 � - l *�N `K`K( �d, l *§N_Wdg � V t (28)¡ E } FH5 ¯ ^ � - o¡ E } FH5�IKN g�W � - N (29)

Theratios � - , �Y, , and � V correspondto the fractionof
total oxidizedmethanethathasreactedwith O( -{k ), OH,
andCl, respectively. Weestimatetheseratios(asfunctions
of
@ �

ratherthan
}
) usingthemodelresultspublishedby

Lary andTuomi [1997], adjustingtheir valuesslightly to
force � -Ml � , l � V 5�I . Errorsin estimating� - –� V will
have a smalleffect on

  E @�� F , but maysignificantlyaffect
ourestimateof

¡ E @�� F , andthustheoxygenresults.

Weassumeconstantvaluesof 1.71partspermillion by
volume(ppmv) and-71‰ for � B and D D © , respectively
[Dlugokencky et al., 1994,Irion et al., 1996]. We further
assumethat oxygenis exchangedprimarily with O, and
notOV [Kaye, 1990],sothat D Q¬ is 23.5‰and12.2‰for-�3 O and -�2 O, respectively [JohnstonandThiemens,1997,
Kroopnick andCraig, 1972].

We canuse(26)–(27)to calculateD D and D Q asfunc-
tionsof

@ �
oncewedetermine

@ B , D D B , and D QB . Wecan
alsousethesamerelationsto estimate

@ B , D D B , and D QB
from measurementsof [H , O], D D, D Q, and[CH ^ ]. We do
bothin section5..

4. Measurements

The FIRS-2 is a remote-sensingFourier transform
spectrometerthatobservesthethermalemissionof theat-
mospherefrom balloonandaircraftplatforms[Johnsonet
al., 1995].Thespectralrangewaslimited to 80–700cmU�-
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until 1996,whenwe extendedthehigh-frequency limit to
1250 cmU�- by improving the beamsplitterdesign[Do-
browolski and Traub, 1996]. During our most recent
balloonflight the increasedspectralrangeallowed us to
measurevertical profiles for temperature,pressure,and
themixing ratio of 25 differentmolecules.Thedatacon-
sideredherewereobtainedduringsix balloonflights that
tookplacebetween1989and1994at latitudesnear33̧ N,
in additionto a single1997balloonflight at a latitudeof
68̧ N.

Theunapodizedspectrometerresolutionof 0.004cmU�-
is sufficient to resolve many individual rotational tran-
sitions for [H ,T-�/ O], [H ,1-�2 O], [H ,.-03 O], and [HDO]. For
eachspecieswe carefully selecta numberof fitting win-
dows that contain unsaturatedrotational transitions(in-
tensity ¹ºQqRªIT*�U ,³, cm after adjusting for the rela-
tive isotopic abundance)with low groundstateenergies
( ¹»I.WY*K* cmU�- ) in order to minimize systematicerrors.
Wealsorejectany linesthatcontribute ¹\Z+* % to theopti-
caldepthof anunresolvedfeature.Wefind 18,26,11,and
32transitionswithin ourspectralbandsthatmeetthesecri-
teria for H ,.-0/ O, HDO, H ,.-02 O, andH ,d-03 O, respectively.
Only 15 of theselectedHDO transitionsoccurin regions
of FIRS-2spectrathathadusefulsensitivity before1997.

Our initial analysiswasbasedon line parametersfrom
HITRAN92 [Rothmanet al., 1992] with the following
modifications:line positionsfor H , O andH , Q aretaken
from Toth [1991, 1992], and HDO strengthsand posi-
tions aretaken from the JetPropulsionLaboratory(JPL)
submillimeterline catalog[PoynterandPickett,1984]for
lines below 334cmU�- . The largedifferencebetweenthe
observedH , O andH , Q line positionsandthe calculated
positionsin HITRAN92 suggeststhat theremay alsobe
largeerrorsin thecalculatedHITRAN92 strengths.In the
past2 yearswe have received improved calculationsfor
H , -�/ O [Coudert,1999] and H , -03 O (J. C. Pearson,per-
sonalcommunication,2000)andhavecalculatedstrengths
andpositionsfor H , -�2 O usingtheSPFITandSPCAT rou-
tinesfrom JPL[Pickett,1991]. Thenew calculationspro-
vide greatlyimprovedline positionsandconfirm that the
strengthslisted in HITRAN92 for the transitionsmeeting
our selectioncriteria have errors as large as 25%. All
FIRS-2measurementspresentedherearebasedontheim-
provedcalculations.We estimatethataveragesystematic
errorsdue to uncertaintyin the calculatedstrengthsare¹�& % for all isotopicvariants,althougherrorsin individ-
ual lines may still be as large as 25%. Previous analy-
sesof FIRS-2dataarebasedon retrievals using the HI-
TRAN92 strengths[Keith, 2000,Dessler, 1998], and so
the measurementsdiscussedin earlierpublicationsdiffer
from thosepresentedhere,althoughwe notethat thedif-

ferenceis lessthantheestimatedsystematicerrors.

WepresentFIRS-2measurementsof [H , O], D D, DK-03 O,
and DK-02 O in Figure1. Averageprofilesfor eachflight are
shown togetherwith the estimatedprecision(1 standard
deviation) for selectedprofiles and a weightedaverage
overall flights. Dataareweightedby thereciprocalof the
variancewhencalculatingtheaverage.Also shownareav-
erageprofilesmeasuredby AtmosphericTraceMolecule
Spectroscopy (ATMOS) [Rinsland et al., 1991]. The
FIRS-2resultsareconsistentwith ATMOSmeasurements,
exceptthatFIRS-2measurementsshow rapidly increasing
depletionsin H ,1-�2 O below 25 km that are not reflected
in the ATMOS data. We believe that theselarge deple-
tionsareindicative of increasingsystematicerrorsat low
altitude,asdiscussedin thenext section.More recentAT-
MOS measurementsandanalysesof D D (but not DK-�3 O orDK-�2 O) areavailable[Irion etal., 1996,Moyeretal., 1996]
and will also be discussedin the next section. In gen-
eral, air in the lower stratosphereis dry anddepletedin
the heavy isotopes.Watervapor increasesin abundance
andbecomeslessdepletedin heavy isotopesas the alti-
tudeincreases.

5. Comparison With Model

In this sectionwe first use a model to test for self-
consistency in our measurementsof D -�2 O and D -�3 O. We
thenuseourmeasurementsof DK-03 O and D D to testthepho-
tochemicalmodelwe developedin section3.. Finally, we
usethemodelto correctfor photochemicalagingandesti-
matetheinitial isotopiccompositionof stratosphericwater
vapor.

5.1. Measured DK-�2 O versus DK-03 O
Watervaporin thetroposphereis depletedin heavy iso-

topesbecauseof thevaporpressureisotopeeffect (VPIE);
Jancsoand Van Hook [1974] and Kaye [1987] provide
comprehensivereviewsof thesubject.Kinetic effectscon-
tribute if the air is supersaturated[Jouzeland Merlivat,
1984]andareconsideredin a companionpaper[Johnson
et al., this issue].For saturatedvaporin isotopicequilib-
rium with a condensedphase(liquid or solid), theisotope
ratio in the vapor is proportionalto the isotoperatio in
thecondensate.Wedefinetheisotopicfractionationfactor¼ G�4 �{> 4S½ , where 4 � is theisotoperatio ([H , Q]/[H , O]
or [HDO]/[H , O]) in the condensedphaseand 4S½ is the
ratio in the vaporphase. In general,¼ dependson tem-
perature,the isotopesinvolved,andthephaseof thecon-
densate.However, the ratio E ¼ -�2 L I1F > E ¼ -03 L I.F (where¼ -02 and ¼ -03 aretheratiosfor H , -�2 O andH , -�3 O, respec-
tively) is nearlyconstant.Modelcalculationsby VanHook
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Figure 1. Measurementsof [H , O], D D, DK-�3 O, and DK-�2 O from seven bal-
loonflightsof thefar-infraredspectrometer(FIRS-2).Thelaunchdatesare
September26, 1989(solid triangles);June4, 1990(opentriangles);May
29, 1992 (opensquares);September29, 1992 (solid pentagons);March
23, 1993(openpentagons);May 22, 1994(openhexagons);andApril 30,
1997(stars);errorbarsindicateestimatedprecisionfor representativepro-
files. Solid curvesshow the weightedaverageof all FIRS-2profiles; 1¾
error in the averageis indicatedby the dottedcurve. The shadedareain-
dicatesaverageprofiles from AtmosphericTraceMolecule Spectroscopy
[Rinslandet al., 1991];thewidth shows theestimated1¾ precision.
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Figure 2. Three-isotopeplot for water vapor. FIRS-2
measurementsarebinnedby DK-03 O andaveraged.Open
trianglesindicateFIRS-2measurementshaving an aver-
agealtitude below 21 km, and solid trianglesindicate
measurementsabove. Theopenstarindicatestheisotopic
compositionof O, [Kroopnick and Craig, 1972,John-
stonandThiemens,1997],andtheopencircle represents
the FIRS-2measurementof the isotopiccompositionof
stratosphericOV [Johnsonetal., 2000].Wealsoshow the
depletionpredictedfrom thevaporpressureisotopeeffect
asa solid line with a slopeof 0.564.

[1968] suggestthat the ratio hasthe averagevalue0.529
and variesby 0.1% between200 and 360 K. Measure-
mentsat temperaturesbetween313 and 363 K indicate
thattheratio is independentof temperaturebut hastheav-
eragevalue0.564ratherthan0.529[JancsoandVanHook,
1974].We adoptthevalue0.564.

If air is dehydratedby continually condensingwater
vaporandremoving thecondensateto preventfurtheriso-
topeexchange,it followsfrom conservationprinciplesand
thedefinitionof ¼ that

| 4S½ > 4S½S5�E ¼ L I.F | 7 8 , ;:=�>�7 8 , ;:=
[Smith,1992].Weusethisandthedefinitionof D to derive
therelation| E¿D -02 ; F > | E¿D -03 ; Fu5�E�IT*K*+* l D -�2 ; F�E ¼ -02 L I1F >E0I1*K*K* l D -03 ; F�E ¼ -�3 L I1FON (30)

Formodestdepletions,E0I1*K*K* l D -02 ; F > E�IT*+*K* l D -�3 ; FuÀ�I ,
andweestimatethat

| E¿DK-02 ; F > | E¿DK-03 ; Fu5«*§N QK`Yg . Thedata
above 21 km arein excellentagreementwith this predic-
tion, asshown in Figure2. The databelow 21 km indi-
cate -02 O depletionsÁÂP standarddeviations larger than
predicted. This is partially due to the fact that random
errors in measured[H , O] causecorrelatederrorsin the

calculatedDK-�2 O and DK-�3 O that tendto distributethemea-
surementsalonga line with a slopeof 1 ratherthan0.564.
We believe thatthedifferencebelow 21 km alsoindicates
thatsystematicerrorsincreaseatlow altitude,possiblybe-
causesaturationin thefar-infraredincreasesthestatistical
weightof themidinfraredlines,andtheselinesmayhave
different line parametererrors. Furtherimprovementsto
thespectralline databaseareneeded.

We alsoshow in Figure2 the isotopiccompositionof
O, andFIRS-2measurementsof the compositionof OV
[Johnsonet al., 2000];we notethatothergroupshaveob-
servedenrichmentsin heavy ozonelargerthanthoseseen
by FIRS-2 [Mauersberger, 1981,Schueler et al., 1990].
Theisotopiccompositionof H , O appearsto approachthe
compositionof O, , but becausetheisotopiccompositions
of both O, andOV lie on or nearthe relationshipdeter-
minedby theVPIE, wecannotestablishtheisotopiccom-
positionof theoxygenreservoir without samplingair that
is old enoughto bein isotopicequilibriumwith thereser-
voir. We estimatethat D Q retains27% of the initial de-
pletion for theoldestair observedby FIRS-2,sowe can-
not rule out the possibility that H , O becomesenriched
in heavy oxygenrelative to O, . On the basisof FIRS-2
measurementsof the isotopiccompositionof OV andthe
resultsof modelsthat indicateH , O will show, at most,
23% of the isotopicenrichmentseenin OV [Kaye, 1990;
C. BechtelandA. Zahn,Theisotopecompositionof water
vapor:A powerful tool to studytransportandchemistryof
middle atmosphericwatervapor, submittedto Journal of
GeophysicalResearch, 2000],we estimatethatassuming
O, is thereservoir resultsin a maximumerrorin estimat-
ing D iS¬ of 24‰ and17‰ for -�3 O and -�2 O, respectively.

We believe that the excellentagreementbetweenpre-
dicted and measuredDK-�2 O as a function of DK-�3 O indi-
catesthattheaveragesystematicerrorsdonotexceed30‰
above21km.

5.2. Measured D D, DK-03 O, and [H , O]

In Figure 3 we comparemeasuredD D and DK-03 O as
functionsof [H , O] with the result of calculationsusing
(26)–(27),where

7 8 , ;:= 5 @ B l @�� andwe adoptval-
uesof 3.5 ppmv, L `�Wd* ‰, and L IT&K* ‰ for

@ B , D D B , andD -�3 OB , respectively. Theobserved D D shows goodagree-
mentwith theresultsof (26),while theobserved DK-�3 O dif-
ferssignificantlyfrom themodel.Thefactthatdifferences
betweenobservationsandmodelhave similar shapesforD D and DK-03 O suggeststhattheremaybesystematicerrors
in averagemeasured[H , O] that vary by Á´& %, consis-
tent with our earlierestimates.Changing[H , O] by 3%
changesadepletionof L `[Wd* ‰ by 10‰but changesade-
pletion of L IT&+* ‰ by 25‰, as indicatedby the dashed
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Figure 3. ComparisonbetweenmeasuredandmodeledD D and DK-�3 O. Dataareaveragedafterbinningby FIRS-2
measurementsof [N , O] (asa proxy for [CH ^ ]) to mini-
mizeeffectsof thecorrelationbetweenerrorsin measured
[H , O] and D . Solid curvesshow modelcalculationsdis-
cussedin the text; effect of ÃS& % error in [H , O] is indi-
catedby thedashedcurves.

curvesin Figure3.

5.3. Estimated D D B , DK-�3 O B , and
@ B

In order to use(26)–(27)to estimateD D B and D -�3 OB ,
werequiremeasurementsof D D, DK-�3 O, [H , O], and[CH ^ ].
FIRS-2wasunableto measure[CH ^ ] until 1997,andthe
1997 measurementshave relatively low precision. Be-
causedirect measurementsare unavailable, we estimate
[CH ^ ] from FIRS-2measurementsof [N , O] andpotential
temperatureusing a relationshipwe derived from mea-
surementsmadeby the JPL MkIV interferometer[Toon,
1991,Toonet al., 1992,Johnsonet al., 1999].

We show the results in Figure 4. The estimatesofDK-�2 OB and DK-�3 OB becomeincreasinglyuncertainas the
air ages,becausethe initial isotoperatio relaxes expo-
nentially toward the isotoperatio of theoxygenreservoir
(see(27)) andany knowledgeof the initial isotoperatio
is lost. The estimatesof

@ B arequite variablein young
air owing to theannualcycle propagatingout of thetrop-
ics,andasdescribedearlier, we believe that themeasure-
mentsof DK-02 O (andpossibly DK-03 O) areunreliablebelow
21 km. We averagemeasurementsin the middle of the
range,definedaspotentialtemperaturesbetween550and
900 K, and estimatethat average

@ B , D D B , DK-�3 OB , andD -�2 OB are &§N g[(uÃA*�NÄI1Q ppmv, L `[WdZuÃÅPY* ‰, L I.PY(uÃA&§I ‰,
and L (Yg®Ã�&�I ‰, respectively, wherethe errorsindicate

theestimatedaccuracy (1 standarddeviation).

Therehavebeenmany estimatesof theinitial waterva-
por mixing ratio in stratosphericair, andthey arenot con-
sistent.Estimatesfall between2.7 and4.1 ppmv, andthe
averageoverall estimatesis 3.7ppmvwith a standardde-
viation of 0.25[Kley et al., 2000]. Therearea numberof
reasonswhy theestimatesmaydisagree,includinginstru-
mentalerrors,differencesin sampling,andactualchanges
over time. A discussionof thesedifferencesis beyondthe
scopeof this paper;Kley et al. [2000] provide a compre-
hensivereview.

Our estimateof D D B agreeswell with an earlieresti-
mateof L `[Wd*ÆÃJ(K* ‰ basedon ATMOS measurements
of [H , O], [HDO], [CH ^ ], and [CH V D] [Moyer et al.,
1996]. Kaye[1990] estimatedthat DK-�3 OB would bein the
range L QY* to L I1*K* ‰ if thetroposphericrelationshipbe-
tween D D and DK-03 O werevalid for air enteringthestrato-
sphere,while we find somewhat larger depletions. Al-
thoughothermeasurementsof DK-�2 O areavailable [Rins-
landetal., 1991],wearenotawareof any estimatesother
thanthosepresentedhereof DK-�2 OB in air reachingthemid-
latitudemiddlestratosphere.

6. Conclusion

Wefind goodgeneralagreementbetweenFIRS-2mea-
surementsof theisotopiccompositionof stratosphericwa-
ter vaporandcalculationswith our photochemicalmodel.
The observedcorrelationbetweenDK-02 O and DK-�3 O agrees
well with themodelfor measurementsabove21km, while
the increasingeffect of systematicerrors(primarily spec-
troscopic)for measurementsbelow 21 km result in dif-
ferencesbetweenmeasurementsandmodelof roughly 2
standarddeviations.TheobservedcorrelationbetweenD D
and[H , O] agreeswell with themodel,asdoestheaverage
correlationbetweenDK-�3 O and [H , O], althoughthe scat-
ter in the measurementsof DK-�3 O is larger thanexpected
from theestimatedprecision.After usingthemodelto re-
move the effects of photochemicalaging from the mea-
surements,we find that the averageinitial water vapor
abundanceandisotopiccompositionof air which crosses
thetropopauseandreachesthemidlatitudemiddlestrato-
sphereis given by E @ B o D 9 B o DK-�3 ; B o DK-�2 ; B1FÇ5²E�&§N g[(®Ã*�NÄI1Q ppmv

o L `�WdZ�Ã�PK* ‰ o L I1PK(ÆÃ�&�I ‰ o L (Yg�Ã�&§I ‰ F ,
wherethe errorsindicatethe estimatedaccuracy (1 stan-
dard deviation). The significanceof our resultsfor un-
derstandingtroposphere-stratosphereexchangeandupper
tropospherichumidity is discussedby Johnsonet al [this
issue].
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Figure 4. Measurementsof [H , O], D D, D -�3 O, and D -�2 O from seven bal-
loon flights of FIRS-2, after correctingfor the effects of photochemical
aging. The launchdatesareSeptember26, 1989(solid triangles);June4,
1990(opentriangles);May 29, 1992(opensquares);September29, 1992
(solid pentagons);March23, 1993(openpentagons);May 22, 1994(open
hexagons);andApril 30, 1997 (stars);error barsindicateestimatedpre-
cision for representative profiles. Vertical lines indicateaveragevaluefor
potentialtemperaturesbetween550(23 km) and900K (32.5km).
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